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Abstract 
Surface-wave analysis basically has a great aim to mitigate the geotechnical hazard because of its capability to map 
subsurface structures. Our research here deals with delineation of soft-geotechnical zone, a zone that has geotechnical 
hazard potential, using surface-wave. For this goal, numerical and field tests were performed. In numerical test, we 
simulate surface-wave shot gathered from a 2D model having a buried soft zone. Dispersion curves were measured 
from the generated shot gathered. Inversions of the resulting dispersion curves showed an estimated 2D shear-wave 
velocity model that mimicked the true model very well. The soft zone could be delineated excellently, albeit an 
anomalous soft zone was resulted about the right end of the true soft zone. Field data analyses with surface-wave 
could confidently map lateral and vertical subsurface variations. A soft zone beneath the road base could be modelled 
with a good comparison to a drilling data acquired nearby the survey line. Therefore, surface-wave analysis has 
convincing potential to be used for geotechnical hazard mapping as a part of mitigation measure. 
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1. Introduction 
Natural hazard and its resulting disaster have become a global issue and obtained much attention in 
recent years, after some big natural hazards hit many countries and caused a number of disasters onto the 
human live and its environment.  
Geotechnical hazard is one kind of natural hazard that directly affects the ground and causes ground 
movements. It includes earthquake and earthquake-related hazards, like soil liquefaction, lateral 
spreading, sinkhole, tsunami and landslide or slope failure.  
Geotechnical hazards are not solely triggered by natural activities themselves. Some human activities 
can increase the occurrence and severity of a geotechnical hazard. Building on top of unstable slope will 
increase the possibility of slope collapsing. The built environment, which includes infrastructures, such as 
residential houses, high-rise buildings, long-span bridges, roads and other public facilities that developed 
in liquefied area or in the areas having sinkhole and/or soft-geological zone, will collapse the buildings 
and the facilities. Although, the natural geotechnical hazard cannot be prevented, there is greater 
possibility to control human activities that can cause disaster. Zoning, mapping and monitoring are some 
mitigation measures that may be used to reduce damage and severity of hazard effects.  
Surface-waves, as a kind of geophysical methods, have been used for subsurface geological mapping 
of the areas having sinkhole and liquefied zone. Hayashi [1] has applied surface-wave together with 
seismic refraction method on various liquefied sites. He found that the result of the analysis agreed with 
actual damage and it implies that geophysical methods enable us to evaluate the liquefaction potential 
from the surface non-destructively [2] has conducted numerical modelling of a sinkhole of 
various widths in a buried hard layer which was used to simulate standard surface-wave profiling.  
In this research, we applied surface-wave to delineate the soft-geological zone both in numerical and in 
field tests. The purpose was to see how accurate the surface-wave to map the soft-geological zone and, 
hence, it could be incorporated to provide valuable information for geotechnical hazard mitigation. We 
conducted numerical modelling for a soft-geological zone buried by a top soil layer to simulate standard 
surface-wave profiling. We used genetic algorithm (GA) for inverting surface-wave dispersions to shear-
wave profiles that would delineate geologic variation laterally and vertically. The GA procedure would 
also be applied to field data.  
2. Surface-wave 
In near-surface application, most surface-wave tests estimated the shear-wave velocity profile that 
related directly to the subsurface structural strength. Hence, the geotechnical hazard that usually related to 
the strength of the subsurface structures might be defined through the application of the surface-wave.  
This is usually accomplished by adopting a strategy based on estimating the experimental dispersion 
curve from field data and subsequently solving an inverse problem.  
The standard active-source surface-wave workflow involved three stages: (1) acquisition of shot 
gathers/experimental data; (2) processing the shot gathers by plane wave transform to extract phase-
-wave velocity (Vs) model.  
Data acquisition could be carried out using seismic land-streamers with favoured geophone 
frequencies of 4.5-28Hz; however, geophone frequencies of 2-100 Hz might also be used. Sources for 
seismic-wave generations were generally an impact source (e.g., sledgehammer or accelerated weight 
drop mounted on a towing vehicle) in an off-end configuration. The seismic land-streamers, recently, 
have become a choice of method for recording surface-wave data, both on- and off-road. This was not 
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only because the cost- and time-effectiveness while using the equipment, but also because the good 
quality data resulted were in comparison to planted geophone. 
The processing was conducted to transform the time-offset shot gathers to phase velocity-frequency 
(or so-called phase velocity dispersion) using plane wave frequency-wavenumber f-k or time-slowness 
tau-p transform, where the dispersion curves could be picked manually or automatically. 
Several inverse procedures have been developed and applied to resolve the surface-wave inverse 
problem for shear-wave velocity estimation. In this research, we applied genetic algorithm (GA) for 
estimation of one dimensional (1-D) shear-wave velocity variation with depth. The basic GA comprised 
four stages (Sen and Stoffa [3]; Mackenzie et al. [4]), each executed using random probabilities: (1) 
coding: representation of model parameters as a bit string or chromosome; (2) selection: selection of the 
most likely (best fitting) solutions; (3) crossover: combining two solutions to initiate a new chromosome; 
and (4) mutation: abrupt alteration of some parameters in a certain chromosome.  
3. Numerical test 
A full-wavefield, elastic 2D finite-difference (2DFD), code was used to generate synthetic P-SV shot 
gathers in roll-along mode.  The model, shown in Figure 1, was typical of a site with caprock or an 
asphalt/road-base system. This model comprised a 60 m wide soft zone sandwiched between equally stiff 
zones. The elastic subsurface and simulation parameters were shown in Table 1 and Table 2. For the 
were set as 0.4 and 1.8g/cm3, respectively.  
In the 2DFD simulation, a 96-geophones array with 1 m spacing and 2.5 m near offset was 
incorporated to measure shot gather. The me
array from left to right of the model. At each 2 m, the array was moved and a shot gather was generated. 
Therefore, for the entire surface length of the model, a number of shot-gathers would be collected. 
Dispersion curves were measured from each shot gather, and the effective surface-wave dispersions were, 
then, inverted to shear-wave velocity using the GA procedure. Our purpose here was to see the robustness 
of the inversion with GA for delineating the soft zone and imaging the lateral subsurface variation, as 
well. Shot gathers, dispersion images and inversion results at positions of 6 m, 68 m, and 118 m from the 
left side of the 2DFD model were shown in Figure 2. Each position represented a location of over the soft 
zone, near the right edge of the soft zone and far from the soft zone, respectively.  
If we inspect Figure 2, some variations of dispersion curves between each position were shown; that 
might represent lateral variation of the model. Dispersion curve at position of 6 m showed transitions 
between modes along the given frequency range, which was a typical for a model when a soft zone 
present (  et al. [5]; and Safani et al. [6]). Inversion of the dispersion curve justified such a typical, 
in which the soft layer could be estimated excellently. At position of 68 m near the soft zone, a dispersion 
curve with transitions between modes was also resulted. This looked   
perhaps due to some traces remain to measure soft zone reflection and/or diffractions of the soft zone 
edge. This is not a strange thing because while the shot gather was generated, some of receivers were, 
indeed,  showed the 
presence of a soft layer which disagree with the true model. This scattering influence could become a 
-wave measurement conducted around the soft zone edge. For surface-wave simulation 
at position of 118 m, a smooth dispersion curve was measured, and its inversion showed a good 
agreement with the true model. In general, overall inversion results not only showed good shear-wave 
velocity estimations, but also showed good depth discriminations, although, smearing on the dispersion 
curves and inversion results near the soft zone edge were resulted. 
 
357 Jamhir Safani and Toshifumi Matsuoka /  Procedia Environmental Sciences  17 ( 2013 )  354 – 360 
 
Fig. 1. Soft zone model used for 2DFD synthetic seismogram calculations and 2D section imaging 
 
                 Table 1. Lithology and elastic subsurface parameters used for the 2DFD modeling.  
Layer            Lithology                          Thickness (m)            Vs (m/s)                    Vp (m/s) 
1    Caprock/asphalt/                2                                180                             441 
                     Road base 
2    Soft soil                             4                                120                              294 
3                   Compacted soil                  8                                180                              441 
4                   Weathered rock                 11                               360                              882 
5                   Basement                           Inf.                             800                            1969 
          
                Table 2. Simulation parameters used for the 2DFD. 
Parameters                                   Value                     Parameters                                  Value 
nx (cells)                                      3001                      Time window (ms)                      512 
nz (cells)                                      1001                      Source wavelet                            Berlage (impact) 
  40 Hz 
nt (steps)                                      51200                    Phase                                           -90o  
                                       10 
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Fig. 2. Shot gathers (fist colum), dispersion images (second colum), and inverted models (third colum) for the 2DFD simulation 
model, at distances of (a) 6 m, (b) 68 m, and (c) 118 m 
 
Fig. 3. Two dimensional (2D) shear-wave velocity model inverted from surface-wave dispersion curves (above) and misfit between  
the experiment and the calculated dispersion curve (below); the experiment dispersion curves were extracted from the 2DFD 
synthetic seismograms (shot gathers) 
To provide a 2D shear-wave velocity model, inversions were performed for all surface-wave 
dispersions and the individual inverted models were, then, gathered in sequence. The resulting 2D shear-
wave velocity section is shown in Figure 3. In general, the section was comparable with the true model 
(Figure 1). The soft zone could be delineated very well, albeit smearing at positions of 60 m  70 m arose 
due to presences of the scattering dispersion curves. But, using GA procedure with a wider frequency 
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range of dispersion curve (e.g., from 4 Hz to 60 Hz) in the inversions, a wider anomalous soft zone could 
be avoided. Figure 3 also shows misfits between the observed and the calculated dispersion curve for 
overall positions. The misfits at the positions over the soft zone were about 7% (in average), which were 
higher than those located in the positions of far from the soft zone, which was most likely due to a more 
complex of the structure along these positions. 
4. Field test 
A commercial, 24-channel land-streamer was used for acquisition of surface-wave data in Matsudai 
Niigata, Japan, at 2006. Geophones were standard 4.5 Hz vertical component. A 5 kg wooden mallet, 
impacted vertically on the road, was used as the energy source for surface-wave generation. The land-
streamer was set with 2 m spacing between geophones and 10 m nearest offset. Five impacts of the 
wooden mallet on the asphalt were stacked and recording was performed at every 2 m along the entire 
expanse of line. Therefore, lateral variation of dispersion images along the surveyed lines was obtained. 
Geophones type and their spread geometry used responded to frequencies from 4 Hz to 50 Hz, which was 
suitable for examining earth materials at this site to about 25 m depth. 
Figure 4 shows a shot gather (first column), dispersion image (second column) and inverted shear-
wave velocity profile (third column) at position of 42 m of the survey line. Here, the inverted shear-wave 
velocity profile was only shown up to 6 m depth for comparison to drill data measured nearby the survey 
line. The soft zone identified from surface-wave at 1  5 m depth matched very well with drilling data at 
the corresponding depth. The soft zone comprised a mix of black mud, plants, water and gravel with 
diameter of 1 to 2.5 cm. This good comparison gave evidence that surface-wave inversion using GA 
procedure could accurately image the soft zone and, thus, useful for geotechnical hazard mapping. 
After inverting all individual dispersion curves, 2D shear-wave velocity section was, then, constructed 
by gathering in sequence all 1D shear-wave velocity profiles. The 2D shear-velocity section (Figure 5) 
showed lateral variation of the survey site. Since shear-wave velocity correlated to shear-strength of earth 
materials, we defined materials that had shear-wave velocity ranging from 70 m/s to 110 m/s as mud 
volcano (soft material), whereas materials with shear-wave velocities ranging from 111 m/s to 220 m/s 
and from 221 m/s to 350 m/s as compacted soil (gravel-stiff clay mix) and weathered bedrock, 
respectively. As can be seen in the figure, the upper-most zone with an average thickness of 1 m 
represented the asphalt road base. Below this zone, a thin mud volcano zone at positions 0  80 m at 1  5 
m depth (in average) overlaid a thick stiffer zone (compacted soil) at about 5  13 m depth were clearly 
imaged. Weathered bedrocks were also identified at two bottom-ends of the survey site, confining a soft 
zone at depth.  
 
Fig. 4. Shot gathers (fist column), surface-wave dispersion images (second column), and inverted shear-wave profile (third column) 
at a distance of 42 m acquired in Matsudai, Niigata Prefecture, Japan 
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Fig. 5. Two dimensional (2D) shear-wave velocity model inverted from surface-wave dispersion curves; the dispersion curves were 
extracted from the field seismograms (shot gathers) 
5. Conclusions 
Surface-wave inversion using GA procedure can delineate very well lateral and vertical lithology 
variations of subsurface structure, where a soft zone is present beneath a stiff zone. The inversions of 
dispersion curve with a wide frequency range (4  60 Hz) do not only show very good estimation of 
shear-wave velocity, but also excellent depth discrimination.  An anomalous soft zone, about 10 % of the 
survey length, is resulted near the actual soft zone end, which is most likely due to scattered 
waveform/dispersion.  
Application of surface-wave analysis to field data can image a more complex lateral and vertical 
lithology variation of the investigated site. A wide soft zone, which is dominantly mud, beneath the 
asphalt road base is revealed very well, and it is comparable with drilling data at corresponding depth 
measured nearby the survey line. A stiff zone underlying the shallow soft zone and bedrocks in two 
bottom-ends confining a soft zone at depth can also be imaged through surface-wave analysis.  
Based on the numerical and field test, surface-wave analysis is a robust method for mapping and 
monitoring subsurface structure that has geo-hazard potential, such as soft geological zone.   
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